Recent efforts to decipher the enigma of the turtle's shell revealed that distantly related turtle species deploy diverse processes during shell development. Even so, extant species share in common a shoulder blade (scapula) that is encapsulated within the shell. Thus, evolutionary change in the correlated development of the shell and scapula probably underpins the evolution of highly derived shell morphologies. To address this expectation, we conducted one of the most phylogenetically comprehensive surveys of turtle development, focusing on scapula growth and differentiation in embryos, hatchlings and adults of 13 species. We report, to our knowledge, the first description of secondary differentiation owing to skeletal remodelling of the tetrapod scapula in turtles with the most structurally derived shell phenotypes. Remodelling and secondary differentiation late in embryogenesis of box turtles (Emys and Terrapene) yielded a novel skeletal segment (i.e. the suprascapula) of high functional value to their complex shell-closing system. Remarkably, our analyses suggest that, in soft-shelled turtles (Trionychidae) with extremely flattened shells, a similar transformation is linked to truncated scapula growth. Skeletal remodelling, as a form of developmental plasticity, might enable the seemingly constrained turtle body plan to diversify, suggesting the shell is not an evolutionary straitjacket.
Introduction
The turtle's shell is a classic textbook example of evolutionary innovation [1, 2] . Comprised of highly evolutionarily derived bones, it provides benefits related to predator defence, shelter from the environment, thermoregulation and storage of fat, minerals and water [3] [4] [5] . Even so, it has been referred to as an evolutionary straitjacket owing to presumed limitations on adaptive radiation and diversification [3] . Although the turtle's shell is unusual in the context of other vertebrates, its adaptive potential is not entirely constrained [3, 4, 6] . Over the last 210 million years, the slow pace of turtle morphological evolution has enabled successful colonization of freshwater, marine and terrestrial ecosystems worldwide [6, 7] . Exploring this ecological diversity may demonstrate how developmental change has contributed to subsequent evolution of the basic turtle body plan [4] . Recent studies focusing on two distantly related species revealed surprising variation in how the shell forms [8] [9] [10] . Still, as an outcome of shell development, all extant species share a similar anatomical configuration: the shoulder girdle is situated anteriorly to the rib cage and is encapsulated within the shell [11] .
Key anatomical transformations associated with the evolution of modern turtles involved correlated changes of the shell and shoulder girdle [11 -14] . In addition to deciphering the puzzle of shell morphogenesis, examination of shoulder girdle development is crucial to determining whether phenotypic evolution is constrained by the shell. Adaptive shell variation is closely linked to variation in shoulder blade (scapula) morphology and ecological niche of turtles [15] . In fact, the most ecologically diverse and anatomically derived species may deploy atypical modes of scapula development [16] . In terrestrial box turtles (Terrapene) with complex shell-closing systems, a movable skeletal segment was hypothesized to develop via secondary subdivision of the scapula late in embryogenesis [16] . As a result, adult box turtles feature the remarkable capacity to temporarily displace the shoulder girdle so that it may truly lie within the rib cage, unlike most turtles [11, 16] . Embryonic growth of the turtle scapula is projected vertically until it eventually articulates with the dorsal shell (carapace) [11, 12] . Thus, scapula development might also deviate from the norm in aquatic soft-shelled turtles (Trionychidae) because endoskeletal growth might be physically constrained by their extremely flattened shells [17] .
Herein, we address the expectation that correlated change in shell and scapula development is associated with phenotypic diversification of turtles. We sampled diverse turtle lineages to determine whether variation in scapula development has arisen to accommodate adaptive modifications of the shell. We focused on the dorsal terminus of the scapula, the site of rapid tissue growth and articulation with the carapace.
Material and methods
During 2010-2014, eggs of cryptodiran turtles were field-collected and incubated under controlled laboratory conditions to reduce environmental effects on growth (electronic supplementary material, table S1). Early shell morphogenesis and subsequent variation was examined to establish the temporal window for turtle developmental divergence. During this time frame, the shoulder girdle was excised and gross anatomical details of the developing scapula were examined across equivalent developmental stages of representative lineages; staging followed established criteria [18] [19] [20] .
Dissected scapulae were preserved in 10% buffered formalin and dehydrated in ethanol before staining with alcian blue and alizarin red to visualize cartilage and bone, respectively. This was followed by trypsin digestion and clearing with glycerol. Haematoxylin and eosin (H&E) tissue preparations and adult specimens were studied to further observe details of the scapula in some species. Scapulae were also examined in hatchlings of representative tetrapod outgroups (electronic supplementary material).
To test the hypothesis that scapula growth is constrained by shell dimensions, we measured oven-dried mass of the forelimb system and carapace length and shell height in hatchling turtles. Dry scapula mass was normalized by dividing it by total forelimb mass. A Pearson's correlation test, including phylogenetic correction, was used to assess the relationship of normalized scapula mass and shell height-to-length ratio (electronic supplementary material). Animals in this study were humanely euthanized with injection of sodium pentobarbital.
Results
Comparison of hatchlings indicated that change in dorsal scapula morphology is specified during embryonic development and revealed that soft-shelled and emydine box turtles diverged from the evolutionarily conserved pattern; these lineages feature a suprascapula (figure 1a -c). Primary scapula differentiation, growth, and remodelling occurred during weeks 3-6 of embryonic development, as exemplified in Emydidae (figure 2a,b; electronic supplementary material, figure S1 ). During week 6, the suprascapula is secondarily differentiated in emydine box turtles. Archosaur embryos did not exhibit secondary scapula differentiation (electronic supplementary material, figure S2 ). Remodelling (weeks 5-6) in soft-shelled turtles (Trionychidae) resulted in differentiation of a 'transient' suprascapula, which was absent in adults (figure 2d; electronic supplementary material, figure S3). Compared with lizards (i.e. Elgaria multicarinata), suprascapula differentiation differs in turtles owing to the presence of a synovial joint or dense fibrocartilage matrix (electronic supplementary material, figure S4 ; figure 2d). Scapula mass was positively correlated with shell height-to-length ratio (figure 2e
Discussion
We identified variation in scapula development that has probably arisen to accommodate some of the most striking turtle shell phenotypes. Thus, our findings substantiate that change in the correlated development of the shell and scapula is related to major evolutionary transitions of the turtle body plan [11] [12] [13] [14] . We present evidence suggesting that skeletal tissue remodelling underlies terminal additions to the developmental sequence of the shoulder girdle of box turtles. Furthermore, we discovered that soft-shelled turtles exhibit skeletal remodelling of the dorsal scapula, but possibly in response to constrained scapula growth. Notably, these transformations occurred remarkably late in embryogenesis. These results are illuminating because the search for evolutionary change in developmental mechanisms of adaptive traits has primarily focused on early stages of embryonic differentiation [22] . By examining skeletogenesis in late-term embryos, we were able to, for the first time to our knowledge, describe secondary differentiation of the scapula in a tetrapod animal. This process yielded an additional mesodermally derived skeletal element, the suprascapula, which eventually ossifies in some adult turtles and lizards [11, 16] .
The extraordinarily complex shell and shoulder girdle adaptations of emydine box turtles (Emys and Terrapene) enable muscle-induced movement of the ventral shell to fully conceal appendages during predator attacks (i.e. shell kinesis; [7, 16] ). The suprascapula is an innovation that permits displacement of the shoulder girdle to the inside of the rib cage to create clearance for appendages [16] . Secondary scapula subdivision was hypothesized as the underlying process governing suprascapula differentiation late in embryogenesis of box turtles [16] . Here, we describe this turtle-specific process and propose that it is facilitated by changes in physical interactions of muscle and cartilage tissue of the dorsal scapula. In box turtles, scapula muscles are unusually large [16] . Future studies should aim to determine whether tensional forces exerted by muscles on developing cartilage underlies formation of novel skeletal segments or shell joints. Such a developmental process has been demonstrated late in embryogenesis of model laboratory vertebrates [2, 23] .
Extreme shell height reduction in soft-shelled turtles (Trionychidae) has had profound developmental effects: decreased dorsoventral growth of the skull and neck, reduction of the neck-shell joint, and relocation of the heart to accommodate neck retraction [17, 24] . We demonstrated that, in late-term embryos, the growth zone of the dorsal scapula is disrupted by differentiation of a 'transient' suprascapula. Our description of this unusual structure is congruent with previous work on hatchlings, e.g. Pelodiscus [25] . However, unlike in emydine box turtles, it does not persist in adults and has no clear rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150022 adaptive value. Instead, its differentiation is probably a plastic side-effect of constrained scapula growth within an exceptionally flattened shell, as suggested by the positive correlation of scapula mass and shell height. These observations contribute to a growing consensus on fundamental developmental differences between hard-and soft-shelled turtles [3, [8] [9] [10] 17] . Skeletal morphology may vary due to epigenetic tissue remodelling induced by novel mechanical stimuli experienced in development [2, 23] . Therefore, alteration to the mechanical environment of developing tissues could underlie the origins of skeletal innovation in animals [2, 23, 26] . This form of developmental plasticity might have facilitated early steps in the mosaic evolution of the shell, congruent with gradual additive change early in turtle evolution [11] [12] [13] [14] . Intriguingly, epigenetically induced plasticity could alter the developmental correlation of the shell and shoulder girdle, which may partially explain the notable diversity of extant turtle forms. Further research is needed to test such hypotheses and continue to refute the conjecture that the shell is an evolutionary straitjacket. Indeed, turtles have great potential to diversify, though by means that we have only begun to discover. Conflict of interest. We declare none. rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150022
